[1] This study documents and describes supercells embedded within the outer rainbands of Hurricane Katrina (2005). Radar reflectivity and velocity data collected on 29 August 2005 by Weather Surveillance Radar 1988 Doppler radars were used to track the supercells. Radar analysis indicates that the supercells were characterized by heavy precipitation collocated with band-relative mesocylonic circulations containing strong vorticity and a wind speed enhancement to their northeast. Atmospheric soundings and dual-Doppler derived shear suggest that environmental conditions were comparable to those in previous hurricane-spawned supercell studies. Twenty-three storms from 0300-0900 UTC were tracked, and single-and dual-Doppler radar analyses were used to examine characteristics such as shear and rotational velocity. Remarkably, the majority of the supercells formed over the Gulf of Mexico rather than over land, which contrasts with previous studies. Furthermore, the ground-relative wind speeds of these potentially tornadic mesocyclones in the outer rainbands could have been Category 4 intensity despite sustained winds in Katrina's eyewall only reaching Category 3 at landfall.
Introduction
), and a central pressure of 920 hPa (according to the Saffir-Simpson Hurricane Scale, Category 1 is defined as 1-minute sustained surface winds of 64-82 kt. Category 2 is 83-95 kt; Category 3 is 96 -113 kt, Category 4 is 114-135 kt; and Category 5 is !136 kt). The severe wind and the storm surge of Katrina left catastrophic devastation along the central Gulf Coast states of the U.S. Katrina's unofficial death toll exceeded 1800; the storm was responsible for an estimated $75 billion in damage, making it the costliest in U.S. history [U.S. Department of Commerce, 2005] . Hurricane Katrina also spawned documented tornadoes, primarily over the period 29-31 August 2005 from Louisiana to Pennsylvania. Some of the damage from these tornadoes, especially along the Gulf coast, may have been overshadowed by damage caused by strong winds and storm surge from the large primary circulation of the hurricane itself.
[3] It is common for tropical cyclones (TCs) to spawn tornadoes over land [Novlan and Gray, 1974; McCaul, 1991] in either the ''core'' region (eyewall or inner rainbands) or outer rainbands (typically 200-400 km from the TC center) [Gentry, 1983; Weiss, 1987] . Most TC-spawned tornadoes occur in the outer rainbands in the right-front quadrant of TCs on the day of the landfall [e.g., Smith, 1965; Weiss, 1987] . These tornadoes often occur in areas of high moisture content, low convective available potential energy ($253 J kg À1 on average), and strong shear in the low levels [McCaul, 1991] . The increase of surface friction in the transition from water to land is commonly attributed to the increasing low-level shear that promotes tornado genesis [Gentry, 1983] . These tornadoes are less intense (<F2) than their counterparts in the Great Plains [e.g., Novlan and Gray, 1974; McCaul, 1987; McCaul and Weisman, 1996; Spratt et al., 1997] .
[4] Tornadoes over water (waterspouts) associated with landfalling TCs are difficult to identify since waterspouts do not result in damage tracks. The earliest documented TCspawned waterspout event was associated with the ''hook'' radar reflectivity signatures in the outer rainbands of Hurricane Carla (1961) [Rudd, 1964] . Dodge et al. [2000] and Spratt et al. [2000] documented strong vertical vorticity (4 -8 Â 10 À3 s
À1
) and CAPE (1200 J kg À1 ) in a mesocyclone within Hurricane Bonnie's (1998) outer rainbands over water using airborne and coastal Doppler radars and thermodynamic soundings. A nearby cell with similar characteristics moved onshore as a waterspout and produced a documented F1 tornado. More recently, a large waterspout in the outer rainbands of Hurricane Wilma (2005) was photographed near Key West (http://www.srh.noaa.gov/ key/HTML/wilma/wilma.html). A Doppler radar cannot observe a tornado or waterspout directly unless it is within several kilometers of the radar, but parent mesocyclones can be detected to identify potential tornadic activity [Burgess et al., 1993] . Statistically, only 26% of Great Plains mesocyclones produce tornadoes [Trapp et al., 2005] .
[5] Using reflectivity and Doppler velocity data from Weather Surveillance Radar 1988 Doppler (WSR-88D), Spratt et al. [1997] and McCaul et al. [2004] examined tornado-producing mesocylones within outer rainbands of Tropical Storm Gordon (1994 ), Hurricane Allison (1995 and in the remnants of Tropical Storm Beryl (1994) . These tornadic mesocyclones were characterized by 50 dBZ echoes with rotational velocities of 6.5-15 m s À1 and core diameters of $2 km. These parent mesocyclones could last for several hours, be identified $30 min prior to tornado-genesis, and had an average depth $3.5 km. Airborne Doppler radar and WSR-88D observations have also indicated that intense mesocyclones can exist in TC eyewall convective bands [e.g., Stewart and Lyons, 1996; Willoughby and Black, 1996; Houze et al., 2007; Marks et al., 2008] .
[6] This paper documents radar signatures of several trains of supercells/mesocyclones in Katrina's outer rainbands before its landfall during a six-hour period. Since these mesocyclones are embedded in background winds of 20-30 m s
, the local absolute wind speed aloft could be comparable or even stronger than the winds experienced in the eyewall of Katrina. Even higher winds are likely should waterspouts exist within these mesocyclones. As a result, oil rigs and ships that were not in the direct path of Katrina were potentially threatened by these mesocyclones several hundreds of kilometers from Katrina's center, well beyond the path of the eyewall. Results from the Doppler radar analyses of supercells in the outer rainbands are presented in Section 2, followed by a discussion of the results in Section 3.
Doppler Radar Analysis
[7] Katrina was observed by two WSR-88D radars located in Slidell, Louisiana, (KLIX), and in Mobile, Alabama (KMOB) before its landfall ( Figure 1a ). The frequency of radar volume scans is $5-6 min with a 1°beamwidth and a range resolution of 1 km for reflectivity and 250 m for radial velocity data. The unambiguous range (velocity) was 174 km (21.5 m s À1 ). Katrina's reflectivity structure can be divided into two regimes; the more coherent inner rainband region (R < 150 km) consisting of eyewall and spiral rainbands, and the outer rainband region (R > 150 km) consisting of more chaotic, cellular convection. While the center of Katrina was still over the Gulf of Mexico at 0604 UTC, the northern part of the outer rainbands had already reached the Gulf Coast. These outer rainbands were composed of individual supercells with mesocyclone Doppler velocity signatures. These supercells moved with the prevailing hurricane circulation within two rainbands at $200 km and $250 km from the center. These high radar reflectivity supercells also showed periodic spacing of $30-40 km along these two rainbands, resembling a train of supercells ( Figure 1a ).
[8] As noted previously, a tornado circulation can only be observed several kilometers from the radar due to beam broadening with range [Spratt et al., 1997; McCaul et al., 2004; Lee and Wurman, 2005] ; however, the velocity dipole signature of a parent mesocyclone can be identified at a much longer range from the radar [Donaldson, 1970] . When a mesocyclone is embedded in a strong background flow as in a TC rainband, its Doppler velocity signature may appear as strong azimuthal shear rather than a dipole. Radar data (reflectivity and Doppler velocity) at 0.5°elevation angle from 0304 UTC to 0900 UTC were examined.
[9] A detailed look of the radar reflectivity and velocity within the dashed box in Figure 1a is portrayed in Figures 1b  and 1c . At least four supercells/mesocyclones (indicated by black circles) are apparent. All Doppler velocities in the study region are negative (i.e., towards the radar), but to illustrate the velocity dipole the Doppler velocity scale in Figures 1a -1c was centered at the background hurricane circulation ($31 m s À1 ) estimated from the single Doppler radar velocities. Hence, the ''cool'' (''warm'') colors indicate the approaching (receding) flow in rainband-relative sense. These supercells typically possess $50 dBZ maximum reflectivity, a length scale of $10-20 km, and a rainband-relative rotational velocity between 20-30 m s À1 , similar to their counterparts over land. The diameters of these mesocyclones range from 4 -12 km. The mesocyclone #14 possessed a maximum ground-relative Doppler velocity of 61 m s À1 at 1 -1.5 km altitude (Figure 1c) . A moored buoy (42007) (white star in Figure 1b ) located near storm #13 stopped reporting at 0600 UTC, the approximate time of mesocylone passage (0604 UTC). The 10-minute averaging time of the buoy winds and uncertainties in reducing Doppler velocities aloft to the surface makes comparing measurements from these platforms difficult, but the coincident failure of the buoy and mesocyclone passage provide some circumstantial evidence for strong winds associated with these features.
[10] Figure 2 presents the tracks of 23 mesocyclones during the six-hour period where their characteristics are summarized in Table 1 . Remarkably, most of these tracks, except mesocyclones 1, 21, 22, and 23, were over the Gulf of Mexico. Each storm was numbered chronologically with respect to the approximate time that it dissipated. Note that in contrast to the other storms analyzed, the origins of mesocyclones 17, 19, and 20 were backtracked using reflectivity data because of the 174 km unambiguous velocity range (dashed lines in Figure 2 ). The lower right corner of Figure 2 shows the bathymetric gradient of the Gulf of Mexico (thin gray contours) with a steep drop off in the ocean depth beyond 100 m near the edge of radar range. The cluster of storms (11, 13, 14, 17, 19, and 20) that originated near this steep gradient approximately 120 km from the Gulf coast generally had longer durations than the other storms originated closer to the coast line. There appears to be a correlation between the bathymetry of the Gulf of Mexico and the development of these supercells over water, but limitations of the Doppler range preclude drawing conclusions from this single dataset.
[11] Documented characteristics of the mesocyclones in Table 1 were the beginning and ending time, maximum diameter (distance between peak dipole velocities), vorticity (twice the difference of the dipole velocities divided by the mesocyclone diameter), and axisymmetric rotational speed (average of the peak dipole velocities). (These maximum properties can occur at different stages of a storm.) The storms tracked in this study were classified as mesocyclones if the vorticity reached 0.01 s À1 [Wicker and Wilhelmson, 1995] at any point during its lifetime. Next, the storms were classified as tornadic mesocyclones if the maximum rotational speed reached 18 m s À1 (F0 intensity) [Fujita, 1971] . Eighteen of 23 storms' rotational speed reached F0 intensity aloft at some point during its lifetime. Among these tornadic mesocyclones, storm 11 had the greatest rotational speed at 30.1 m s
À1
, storm 19 had the greatest ground-relative speed (rotational speed plus the background flow from the hurricane) at 67.2 m s
, and storm 13 lasted the longest (1 h 50 min). Although the intensities of these tornadic mesocylones were in the high F0 range, the resulting ground-relative circulations were highly asymmetric as illustrated in Figure 1c . The instantaneous ground-relative winds aloft reached Category 4 hurricane strength when they were embedded in a background circulation of $30 m s
. A reduction to $70-80% of the wind speed obtained at 1 to 1.5 km altitude would be necessary to compare with the hurricane's surface circulation, but it is likely that the maximum winds associated with these mesocyclones were underestimated due to the radar beam spreading with distance, and potential waterspouts embedded within these mesocyclones Spratt et al., 2000] . This suggests that these mesocyclones had the potential for significant damage to oil platforms or other structures in the Gulf several hundreds of kilometers from the Katrina's center.
[12] The location of mesocyclones 12 and 13 (Figure 3a ) and 14 (Figure 3b ) at 0604 UTC permitted a dual-Doppler analysis from KLIX and KMOB with a baseline $150 km in limited-area domains centered on the mesocyclones. The Doppler velocities from KLIX and KMOB were unfolded in radar spherical coordinates using National Center for Atmospheric Research (NCAR) Soloii software, then interpolated onto a common 1.5 km Â 1.5 km Â 1 km (x, y, z) grid with a horizontal (vertical) radius of influence of 2 km (1.5 km) using Cressman interpolation with NCAR Reorder software, and then synthesized with NCAR CEDRIC software to produce three-dimensional winds [Cressman, 1959; Mohr et al., 1986; Oye et al., 1995] . The lowest elevation of the radar beams was 0.5°preventing calculation of winds below 1 km in the analysis domain. The vertical velocity (w) was vertically integrated upward using the continuity equation by assuming w = 0 at the sea surface. The background flow were calculated separately for each analysis domain at each level and were subtracted to examine the rainband-relative circulations, shown with vectors in Figures 3a and 3b . The rotation and significant vertical vorticity (gray 1 Â 10 À3 s À1 contours) collocated with the reflectivity maxima (color 3 dBZ contours) at 2 km further confirms the mesocylonic structure and similarity to supercellular convection. Probably due to the smoothing in the interpolation and filtering of the synthesized winds, the magnitude of the vorticity at 2 km level is weaker than that derived using the radial velocities at 1 km altitude, but still exceeds 2.5 Â 10 À3 s À1 in all three mesocyclones. Wind speed maxima (white 3 m s À1 contours) are evident in the NE quadrant of each mesocyclone, where the perturbation winds aligned with the mean flow. The updraft (not shown) correlated with the maximum reflectivity and the maximum vorticity in these mesocyclones, suggesting that positive stretching of vorticity was occurring. In Figure 3c , a clockwise curved hodograph derived from the dual-Doppler mean Using these values, a Bulk Richardson Number (BRN) defined as the ratio of lowlevel environmental wind shear and thermodynamic stability is estimated at 3.2, indicating the local environment appears to be favorable for supercell development [Weisman and Klemp, 1984] .
Summary and Discussion
[13] Previous studies in the formation of TC-induced tornadoes have been focused on tornadoes that occurred over land where the low-level horizontal vorticity can be drastically enhanced by the increasing roughness of the land surface compared to the water. This paper uses Doppler radar data to document the low-level structures of trains of supercells/mesocyclones embedded in Katrina's outer rainbands over the Gulf of Mexico as the TC approached the Gulf coast. The likelihood of having TC-induced waterspouts over the ocean 200 km away from Katrina's center posed a potential threat to numerous oil platforms near the Gulf Coast and coastal residences even they were not directly hit by Katrina's eyewall. The features reported in this study may be more common than an isolated event in Hurricane Katrina; the authors are aware of similar overwater supercells/mesocyclones embedded in the outer rainbands of Hurricanes Bonnie (1998), Lenny (1999), and Ivan (2004) .
[14] Observations from Doppler radar and rawindsondes suggest that strong low-level shear did exist and the BRN of $3.2 was a favorable environment for supercell formation. We speculate that a modification of the sea state over the continental shelf [Walsh et al., 2002] might have increased the low-level shear and/or decreased the low-level stability, creating a more favorable BRN for supercell development. Another possible factor may have been interaction with a continental air mass prior to landfall, although no obvious dry air around the rainbands was evident in satellite imagery (not shown). Other mechanisms are possible, and further speculation from this limited dataset is not justified. Addi- Figure 3a , volume averaged mean wind vector (red), and 1 -6 km shear vector (blue). tional observations and numerical modeling studies are needed to develop more extensive documentation of TCspawned mesocyclones and explore different mechanisms for supercell generation over water.
